We are investigating the physiological roles of organelle acidification in yeast by two different approaches. First, we have identified two mutants which are defective in acidification of the yeast lysosome-like vacuole from among a collection of mutants which mis-sort soluble vacuolar proteins to the cell surface. These mutants have been helpful in identifying other cellular functions linked to acidification, such as the activation of vacuolar zymogens. We have complemented this classical genetic approach to acidification with direct biochemical and reverse genetic studies on the yeast vacuolar proton-translocating ATPase (H +-ATPase), the enzyme responsible for vacuolar network acidification. Our biochemical characterization of this enzyme indicates that it is a multisubunit complex with many structural similarities to other vacuolar H +-ATPases. Like the other vacuolar H +-ATPases characterized, it also shares some structural features with the F iF 0-type ATPases of mitochondria, chloroplasts, and Escherichia coli. We are currently cloning the genes for the subunits of the yeast vacuolar H+-ATPase. Mutagenesis of the cloned genes will allow us to determine the phenotype of yeast cells expressing a vacuolar H +-ATPase altered in well controlled ways. We are also beginning to investigate how the subunits of the vacuolar H +-ATPase are assembled into the enzyme complex and targeted to their proper cellular location.
Introduction

+ +
Secretion of PrA and intracellular accumulation of proPrA were assessed by immunoprécipitation of intracellular and extracellular fractions from cells pulse-labeled with 35SO +2 -as described (Rothman et al. 1988) . T he level of vacuolar quinacrine accumulation was determined by incubating cells in the presence of 200 jUM-quinacrine in Y E P D buffered to pH 7-7 and then observing the cells by fluorescence microscopy (Weisman et al. 1987 ; Rothman et al. 1988 ). For measurement of vacuolar ATPase activity, yeast vacuolar membranes were purified as described (Uchida et al. 1985) , and ATPase activity was assayed using a coupled enzyme assay with an ATP regeneration system (Lotscher et al. 1984) . ATPase activities were determined in the presence and absence of inhibitors of the plasma membrane and mitochondrial ATPases (100 |UM -NaVC>3 and 2mM-NaN3), and in all cases < 5 % of the ATPase activity was affected by these inhibitors. ATPase activities were normalized to DPAP-B activities to adjust for varying vacuolar yields from different strains; the normalized activity of wild-type cells was then set equal to 1-0.
Adapted from Rothman et al. 1989b. n.d., not determined. chloride, they mislocalized a substantial proportion of the newly synthesized vacuolar protein, proteinase A (PrA), to the cell surface rather than delivering it to the vacuole ( Table 1 al. 1987; Rothman, 19896 . While it appears that the acidification-defective vpl mutants described here have identified proteins that are fairly intimately connected with the vacuolar H +-ATPase, it might also be possible to identify additional mutants with defects in accessory molecules, such as other ion transporters which regulate the pH of acidic compartments more indirectly, by screening for acidifi cation defects. The power of this classical genetic approach is that it can both extend our understanding of the cellular functions dependent on acidification and permit the identification of the full range of components necessary for establishing and maintaining an acidic pH.
Biochemical characterization of the yeast vacuolar H+-ATPase
We are complementing the genetic approach to vacuolar acidification described above with a direct biochemical characterization of the yeast vacuolar H+-ATPase. A partial purification of the enzyme has been described previously (Uchida et al. 1985) .
The H+-ATPase complex was reported to contain only three subunits, of molecular weights 89, 64, and 19-5K, and the smallest subunit was shown to bind DCCD. We have repeated the described purification procedure, which consists of isolation of yeast vacuoles, removal of loosely associated protein by low salt washes, solubiliz ation of the washed vacuolar vesicles with the zwitterionic detergent ZW3-14, and fractionation of the solubilized proteins by glycerol gradient centrifugation. After the gradient centrifugation step, ATPase activity was well separated from activity of DPAP-B. A Coomassie-stained gel of the glycerol gradient fraction exhibiting the highest ATPase activity is shown in Fig. 1A Further support for this conclusion is provided by inhibitor labeling studies. T h e 70K class of subunits from several vacuolar H + -ATPases has been reported to be labeled with [ I4 C]N BD-C1 (7-chloro-4-nitrobenzo-2-oxa-l,3-diazole), an A TP ana log which binds covalently to ATP-binding sites and inhibits ATPase activity (Bowman et al. 1986; Randall & Sze, 1987; Arai et al. 1987a; Uchida et al. 1988 ).
T h e 69K subunit of the yeast vacuolar H +-ATPase can also be labeled with [1 4 C]N BD -C1 in an ATP-protectable manner, suggesting that it is the catalytic subunit of the enzyme (Mandala & Taiz, 1986; Uchida et al. 1988) . D C C D is another inhibitor of ATPase activity, which is believed to bind to the proton 'pore' (Bowman & Bowman, 1986) The results described above are summarized in Table 2 . These results indicate that the yeast vacuolar H +-ATPase is a 'typical' vacuolar H+-ATPase and help to establish yeast as an appropriate model system for our studies of vacuolar acidification. They also extend the previous structural characterization of the yeast enzyme, and a proposed structural model which incorporates these data is shown in Fig. 3 . The main features of the model are now discussed. (1) We believe that all of the peptides which appear in the glycerol gradient fraction exhibiting the maximum ATPase activity (Fig. 1) Aliquots of the incubation mixture were removed at the indicated times and assayed for ATPase activity as described in Fig. 1 . B. Aliquots of the mixture were removed and centrifuged at 4°C to pellet the membranes. The protein released into the supernatant was precipitated with TCA . Both the pellet and supernatant fractions were solubilized, separated by S D S -P A G E , and blotted onto nitrocellulose. The blot shown was probed with antibody against the beet tonoplast 67K subunit. Sup., supernatant. the ability to strip the putative catalytic (69K ) subunit from vacuolar vesicles, since these vesicles were previously shown to be predominantly right side out (Ohsumi & Anraku, 1981) . (3) T h e coordinate removal of the 27, 33, 36 and 43K peptides with the 69 and 60K subunits suggests that these peptides may be associated to form an Fi-like complex which is stripped from the vacuolar membrane by treatment with 100 mM-KNO3 . An additional implication of the K N O 3 stripping experiments is that the stripped subunits must be peripheral proteins. We have confirmed this for the 69 Vacuolar membranes were isolated and washed in low salt as described (Uchida et al. 1985) . The 
P. M. Kane and others
-lOOmM- nitrate
Relating structure and function of the vacuolar H+-ATPase
Physiological roles of vacuolar acidification
Using the molecular cloning and reverse genetic techniques available in yeast, in combination with the biochemical information described in the last section, we can begin to look at the cellular role of acidification directly by genetically manipulating the vacuolar H +-ATPase. We are currently cloning the genes for the 69, 60, and 17K subunits. N-terminal amino acid sequences for the 69 and 60K subunits were obtained by stripping the subunits from the vacuolar membrane with KNO3 as 
Assembly and targeting of the vacuolar H + -ATPase
Examination of the yeast vacuolar H+-ATPase mutants could also provide infor mation on how the enzyme is assembled and targeted. Based on studies on FxFqATPases and other multisubunit complexes, it seems highly unlikely that the cell will be able to assemble a fully functional vacuolar H+-ATPase without one of the subunits (Schneider & Altendorf, 1986; Futai & Kanazawa, 1986). This may be especially true for the 69, 60, and 17K subunits, which appear to perform welldefined functions in the enzyme (Table 2) and may be present in multiple copies in the assembled enzyme (Arai et al. 1988 ). However, it is possible that deletion of the various subunits could result in different phenotypes, since these deletions might give rise to distinct partially assembled complexes. For example, the cytoplasmic orientation of the 69 and 60K subunits and the ability of these subunits to be stripped from the membrane suggests that these subunits might be pre-assembled into a cytoplasmic complex which is then attached to the proteolipid portion of the enzyme. There is some evidence that this second type of mechanism may play a part in regulating the pH of the endocytic pathway in mammalian cells. It has been suggested that the plasma membrane Na+K +-ATPase can modulate the pH of early endosomes by creating an electrochemical gradient which inhibits the activity of the vacuolar network H+-ATPase in these cells (Cain & Murphy, 1988) . As the Na+K +-ATPase is sorted away from the H+-ATPase and recycled back to the cell surface, the inhibition of the H+-ATPase is relieved and the pH of the late endosome and lysosome is lowered. A similar mechanism could be envisioned for the biosynthetic pathway, in which the vacuolar H +-ATPase is assembled early in the secretory pathway, but other newly synthesized transporters modulate its activity until they are sorted away from it into the late secretory pathway.
Conclusions
Our current model for the assembly and cellular roles of the yeast vacuolar H+-ATPase is shown in Fig. 4. For simplicity, ATPase is then transported with other proteins destined for the vacuole to a prevacuolar compartment and from this compartment to the vacuole. At the vacuole, the acidic environment created by the H +-ATPase promotes zymogen activation and drives a series of antiporters for Ca2+ and basic amino acid uptake.
Many unanswered questions still surround the processes of vacuolar acidification and protein sorting. We have described a combination of genetic and biochemical approaches directed at both characterizing the yeast vacuolar H +-ATPase as the central player in vacuolar acidification and elucidating the physiological roles of acidification. Using the broad range of approaches available in yeast, we will continue to dissect the components responsible for establishing and maintaining acidic compartments and to investigate the many cellular processes linked to acidification.
